INTRODUCTION
Litter size is the most significant reproductive trait in polytocous species. It has a low heritability, and response to selection has consequently been poor. The response observed in rabbits, pigs, and mice selected for litter size has usually been associated with an increase in the number of ova shed (in mice: Bakker et al., 1978; Gion et al., 1990; in pigs: Bolet et al., 1989; in rabbits: Brun et al., 1992; García and Baselga, 2002) .
Ovulation rate is, together with prenatal survival, the foremost component of litter size, and is also a limiting factor for its improvement. Ovulation rate is correlated with litter size and has a higher heritability (see the review in Blasco et al., 1993a) . For these reasons, selection for ovulation rate has been proposed to increase litter size indirectly (Zimmerman and Cunningham, 1975) . Several selection experiments for ovulation rate have been done in pigs (Cunningham et al., 1979; Rosendo et al., 2007) and mice (Bradford, 1969; Land and Falconer, 1969) , but to our knowledge, no selection for ovulation rate has hitherto been performed in rabbits. In these experiments, ovulation rate increased, but no correlated response in litter size occurred owing to a greater prenatal loss in the selected line.
In rabbits, unlike in pigs, no embryo uterine transmigration occurs (Adams, 1960) . Rabbit does can have one overcrowded uterine horn while the other one is less occupied. If the ovulation rate were increased with selection in both ovaries, females would be able to implant more embryos in the less occupied uterine horn, leading to a greater litter size. The aim of this study was to evaluate the direct response and the correlated response in litter size in a rabbit line selected for ovulation rate for 10 generations.
MATERIALS AND METHODS
All experimental procedures involving animals were approved by the Polytechnic University of Valencia Research Ethics Committee.
Animals
Animals belonged to a rabbit line selected for ovulation rate for 10 generations. Selection was then relaxed for 1 generation. This line was derived from a synthetic line (line V) selected for litter size at weaning for 12 generations (Estany et al., 1989) , and then for uterine capacity for 10 generations (Blasco et al., 2005) . After that, selection was relaxed for 6 generations. Selection was based on the phenotypic value of ovulation rate estimated at d 12 of the second gestation, by laparoscopy. Selection pressure was approximately 30% in females. Males were selected from litters of selected does within male families. The base population consisted of 85 females and 21 males. In the following generations, the numbers of females to males were 75 to 30, 92 to 20, 80 to 15, 65 to 19, 59 to 16, 102 to 20, 80 to 13, 89 to 13, 65 to 13, and 108 to 29, respectively. Animals were housed at the experimental farm of the Universidad Politécnica de Valencia in individual cages. They were kept under controlled 16-h light:8-h dark photoperiods and fed a commercial diet.
Traits
Ovulation rate at the second gestation (OR2) was estimated as the number of corpora lutea in both ovaries, by laparoscopy (n = 839). Ovulation rate at the last gestation (ORS) was estimated postmortem at parities 3 (n = 86), 4 (n = 115), and 5 (n = 437). Ovulation rate (OR) was also analyzed as a single trait including both ovulation rates (OR2 and ORS). Both the right and the left ovulation rates (ROR and LOR, respectively) were measured. The ovulatory difference (OD) was estimated as the difference between ROR and LOR, expressed as an absolute value. Litter size (LS) and the number of kits born alive (NBA) were measured as the total number born and the number born alive, respectively, in up to 5 parities. Totals of 1,477 and 3,031 records from 900 females were used to analyze OR and LS, respectively, whereas 1,471 records were used to analyze OD, ROR, and LOR.
Statistical Analysis
To estimate the heritabilities and the correlations between OR2 and ORS, the following bivariate animal model was fitted:
where YS i is the effect of year-season (29 levels for OR2 and 27 levels for ORS), L j is the effect of lactation state of the doe (2 levels: multiparous lactating does and multiparous does not lactating when mated), a ijk is the additive value of the animal, and e ijk is the residual of the model. The model assumed for ORS also included the effect of parity (P), with 3 levels.
Bayesian inference was used. Data augmentation was carried out to fill the data vector and have the same design matrices for all traits. Augmented data were not used for inferences, but were permitted to simplify computing (Sorensen and Gianola, 2002) . The traits were assumed to be conditionally normally distributed as follows:
where b 1 and b 2 were random vectors including the effects of YS, L, and P; a 1 and a 2 were vectors of individual additive genetic effects; X and Z were known incidence matrices; and R was the residual (co)variance matrix. Between individuals, only the additive random effects were assumed correlated. Between traits, the additive and permanent environmental random effects were assumed correlated. Sorting records by individual, and trait within individual, the residual (co)variance matrix could be written as R 0 ⊗ I n , with R 0 being the 4 × 4 residual (co)variance matrix between the traits analyzed and I n an identity matrix of appropriate order. Bounded uniform priors were used to represent vague previous knowledge of b 1 and b 2 . Prior knowledge concerning additive effects was represented by assuming that they were normally distributed, conditionally on the associated (co)variance components, as follows:
where 0 was a vector of zeroes and G was the genetic (co)variance matrix. Sorting the data by individual as before, this matrix could be written as G 0 ⊗ A, where G 0 was the 4 × 4 genetic (co)variance matrix between the traits and A was the known additive genetic relationship matrix, including all the animals involved in the selection process and the parents of the base generation. Bounded uniform priors were used for matrixes R 0 and G 0 .
Bivariate and trivariate repeatability animal models were fitted to estimate genetic parameters and genetic trends for OR, LS, NBA, OD, ROR, and LOR. The model assumed was
where YS i has 32 levels for LS and NBA and 31 levels for OR, OD, ROR, and LOR; L j has 2 levels; P k has 5 levels for LS and NBA and 4 levels for OR, OD, ROR, and LOR; and where p ijkl is the permanent environmental effect.
For the bivariate repeatability model, the traits were assumed to be conditionally normally distributed as follows: 
where b 1 , b 2 , a 1 , and a 2 were distributed as before; p 1 and p 2 were vectors of permanent environmental effects; and W was its known incidence matrix. As before, only the additive random effects were assumed correlated between individuals. Within individuals and between traits, the additive and the permanent environmental random effects were assumed correlated. Prior knowledge concerning permanent effects was represented by assuming that they were normally distributed, conditionally on the associated (co)variance components, as follows:
where 0 was a vector of zeroes and P was the permanent effects matrix. Sorting records by individual as before, this matrix could be written as P 0 ⊗ I s , where P 0 was the 4 × 4 permanent effects (co)variance matrix and I s was the identity matrix of the same order as the number of levels of permanent effects. Bounded uniform priors were used for matrix P 0 . For trivariate repeatability analyses, the order of R, G, and P matrices was 6 × 6.
Marginal posterior distributions of all unknowns were estimated by using the Gibbs sampling algorithm. The program TM by Legarra et al. (2008) was used for all Gibbs sampling procedures. Chains of 1,000,000 samples each were used, with a burn-in period of 200,000. One sample in each 50 was saved to avoid high correlations between consecutive samples. Convergence was tested using the Z-criterion of Geweke.
RESULTS AND DISCUSSION
Means and SD for all traits in generations 0 to 10 are presented in Table 1 . Values are in agreement with the ones published by other authors in maternal rabbit lines (Brun et al., 1992; Piles et al., 2006; TheauClement et al., 2009 ).
Ovulation Rate
The genetic correlation between OR2 and ORS was high and positive, with a probability of 95% of being higher than 0.87 (value k). Thus, ovulation rate was analyzed as a single trait (OR), taking both measures of ovulation rate together (OR2 and ORS). Rosendo et al. (2007) obtained a similar genetic correlation (r g = 0.89) in an experiment of selection for ovulation rate in pigs.
The heritability estimate for OR was moderately low (0.16; Table 2 ), having a probability of 90% of being higher than 0.10, and it was similar to other estimates obtained in intact rabbits by Blasco et al. (1993b; 0.21) and Bolet et al. (1994; 0.24) . Our estimate was also consistent with those of Neal et al. (1989; 0.17) in pigs and Long et al. (1991; 0.18 ) in a combined data set of intact and unilaterally ovariectomized mice. However, other estimates published for pigs and mice were greater. In pigs, Cunningham et al. (1979) and Rosendo et al. (2007) obtained heritabilities for OR of 0.33 and 0.42, respectively, whereas in mice, Land and Falconer (1969) had a realized heritability of 0.31.
Right ovulation rate and LOR had lower heritability estimates than did OR, being greater for ROR than for LOR (0.09 and 0.04, respectively; Table 2 ). The probability of this difference being greater than zero was 87%. In rabbits, Blasco et al. (1993b) obtained heritability estimates for ROR and LOR of 0.22 and 0.10, respectively, but the estimates had large SE. Nielsen et al. (1996; in mice) and Rosendo et al. (2007; in pigs) observed different heritability estimates for the right and the left ovary, this time in favor of the left side. Right ovulation rate and LOR had a moderate and negative phenotypic correlation (high posterior density interval at 95% [−0.56, −0.41]; Table 3 ) but the genetic correlation between them was moderately low and positive (P = 0.79; Table 4 ). To explain the negative phenotypic correlation (r p ) between ROR and LOR, Haley and Lee (1992) suggested a negative feedback mechanism between the ovaries. This difference in the sign of the correlation was also observed in mice by Blasco et al. (1993b) did not observe differences in the sign of the correlation, with both being negative; however, the genetic correlations in both studies in rabbits were estimated with low accuracy.
In rabbits, unlike pigs, no embryo uterine transmigration occurs (Adams, 1960) . Thus, there is no compensatory effect between uterine horns, and the OD is associated with uneven fetal distribution through both uterine horns. This could lead to overcrowding of one uterine horn and to a greater mortality rate on that side while the other uterine horn remains less occupied, being unable to express its uterine capacity. The OD had a low heritability (0.03), and it was phenotypically and genetically positively correlated with OR (Tables  2, 3 , and 4). The genetic correlation was moderate, with a 91% probability of being positive. The phenotypic correlation was low and positive. These positive correlations indicated that females with an increased OR tended to have a greater OD; thus, their prenatal mortality could increase.
Litter Size
Heritability estimates for LS and for NBA were low (0.09 and 0.08, respectively; Table 2 ). These estimates were similar to other estimates reported in rabbits (Blasco, 1996; García and Baselga, 2002) , pigs (reviewed in Pérez-Enciso and Bidanel, 1997; Canario et al., 2006) , and mice . The phenotypic correlation between OR and LS was positive (P = 98%; Table 3 ) but low, having a 99% probability of being less than 0.30. The phenotypic correlation between OR and NBA was almost zero, with a probability of 96% of being in the interval [−0.10, 0.10]. The genetic correlation of OR with LS had a large high posterior density interval at 95% ([−0.77, 0.30]; Table 4 ). Hence, there was not much evidence for the sign of the correla- Table 1 . Means and SD (in parentheses) for ovulation rate at the second gestation (OR2), ovulation rate at the last gestation (ORS), ovulation rate (OR), right ovulation rate (ROR), left ovulation rate (LOR), ovulatory difference (OD), litter size (LS), and number born alive (NBA) in generations 0 to 10 HPD 95% = high posterior density interval at 95%; P 0.10 = probability of the heritability being higher than 0.10; k = limit for the interval [k, +∞), having a probability of 95%.
tion. Other estimates of genetic correlations between OR and LS in intact females were greater and positive [in rabbits: Blasco et al., 1993b (0.36) ; in pigs: Johnson et al., 1999 (0.24) , and Rosendo et al., 2007 (0.41) ; in mice: Clutter et al., 1990 (0.81), and Long et al., 1991 (0.62) ], although the range of the SE for the genetic correlations was wide for all of them. However, on the basis of our estimates, we cannot maintain that selection for ovulation rate will improve LS.
Response to Selection
The response to selection for OR and the correlated responses in ROR, LOR, OD, LS, and NBA are shown in Figures 1 and 2 . After 10 generations of selection, OR increased in 1.32 ova, almost 1% per generation (0.13 ova/generation); most of the response took place in the right ovary; ROR and LOR increased in 1.06 and 0.45 ova, respectively. The OD increased in 0.29 ova in 10 generations; however, the increase in OD seems to be due to a scale effect related to the increase in the mean of OR. This was corroborated after analyzing OD fitting OR as a covariate (b OR OD = 0.08), where no response to selection was observed. The direct response in OR was relevant but was less than expected, although the selection differential was relatively high, between 1.75 and 3.50 throughout the experiment (Table 1). In pigs, Cunningham et al. (1979) and Rosendo et al. (2007) obtained greater responses (3.71 ova in 9 generations and approximately 2 ova in 7 generations, respectively). In rabbits, the response in LS after direct selection has been usually close to 1% per generation (see the review in Mocé and Santacreu, 2010) . In our study, selection for OR did not modify LS; correlated responses in LS and NBA were not relevant (−0.15 total born and −0.17 NBA in 10 generations). Possible causes for the lacking correlated response in LS are discussed below.
Selection for OR was proposed as a promising way of indirectly increasing LS. As Pérez-Enciso and Bidanel (1997) showed in their review, when selection was carried out for LS in rabbits, pigs, and mice, changes were basically due to an increase in OR. Conversely, when selection was performed on OR, the correlated response on LS was close to zero (in pigs: Cunningham et al., 1979; Rosendo et al., 2007; in mice: Bradford, 1969 ; HPD 95% = high posterior density interval at 95%; HPD 90% = high posterior density interval at 90%; P = probability of the phenotypic correlation being greater than zero (superscript a) or less than zero (superscript b); k = limit for the interval [k, +∞) (superscript a) or (−∞, k] (superscript b), having a probability of 95%. HPD 95% = high posterior density interval at 95%; HPD 90% = high posterior density interval at 90%; P = probability of the genetic correlation being greater than zero (superscript a) or less than zero (superscript b); k = limit for the interval [k, +∞) (superscript a) or (−∞, k] (superscript b), having a probability of 95%. Land and Falconer, 1969) . In the present study, a positive correlated response in LS was expected because, in rabbits, no uterine transmigration occurs. If OR were increased in both ovaries, the ovary with the greater OR would already have its uterine horn overcrowded, but the ovary with the smaller OR would shed more ova able to be implanted; therefore, the number of implanted embryos would possibly increase on average, and that would possibly lead to a greater LS. However, noncorrelated responses in LS and in NBA were observed; thus, prenatal mortality should have increased. A possible explanation for our results would be ovulation of immature oocytes. It is possible that some oocytes are released in an early state, not having acquired developmental competence, in agreement with the report by Koenig et al. (1986) , who suggested that selection for a high OR could induce the ovulation of immature oocytes. Another explanation could be the ovulatory timing, which lasts about 14 h in rabbits (Fujimoto et al., 1974) . In females with an extremely high OR, the duration of the ovulatory process could increase. Pope et al. (1988) described differences in ovulatory timing affecting early embryonic development in pigs: 68% of the follicles ovulated simultaneously in a short time, whereas the remaining follicles ruptured later. These late-ovulated oocytes were fertilized later and became small and less competent blastocysts, which were more susceptible to death (Xie et al., 1990) . A third explanation for our results would be a decrease in fetal survival resulting from an asynchrony between the development of the fetus and the maternal uterus or from a greater fetal competence for space and nutrients in overcrowded uterine horns.
Implications
Our results show that OR responded to selection, but no correlated response on LS was found. Some explanations are possible for the lacking correlated response observed in LS; these include poor-quality oocytes, increased variability in embryonic development, or competence among fetuses after implantation. Further analyses are needed to elucidate whether embryonic mortality or fetal mortality is responsible for the lacking correlated response on LS. 
